We tested the hypothesis that 5′AMP-activated protein kinase (AMPK) plays an important role in regulating the acute, exercise-induced activation of metabolic genes in skeletal muscle, which were dissected from whole-body α2-and α1-AMPK knockout (KO) and wild-type (WT) mice at rest, after treadmill running (90 min), and in recovery. Running increased α1-AMPK kinase activity, phosphorylation (P) of AMPK, and acetyl-CoA carboxylase (ACC)β in α2-WT and α2-KO muscles and increased α2-AMPK kinase activity in α2-WT. In α2-KO muscles, AMPK-P and ACCβ-P were markedly lower compared with α2-WT. However, in α1-WT and α1-KO muscles, AMPK-P and ACCβ-P levels were identical at rest and increased similarly during exercise in the two genotypes. The α2-KO decreased peroxisome-proliferator-activated receptor γ coactivator (PGC)-1α, uncoupling protein-3 (UCP3), and hexokinase II (HKII) transcription at rest but did not affect exercise-induced transcription. Exercise increased the mRNA content of PGC-1α, Forkhead box class O (FOXO)1, HKII, and pyruvate dehydrogenase kinase 4 (PDK4) similarly in α2-WT and α2-KO mice, whereas glucose transporter GLUT 4, carnitine palmitoyltransferase 1 (CPTI), lipoprotein lipase, and UCP3 mRNA were unchanged by exercise in both genotypes. CPTI mRNA was lower in α2-KO muscles than in α2-WT muscles at all time-points. In α1-WT and α1-KO muscles, running increased the mRNA content of PGC-1α and FOXO1 similarly. The α2-KO was associated with lower muscle adenosine 5′-triphosphate content, and the inosine monophosphate content increased substantially at the end of exercise only in α2-KO muscles. In addition, subcutaneous injection of 5-aminoimidazole-4-carboxamide-1-β-4-ribofuranoside (AICAR) increased the mRNA content of PGC-1α, HKII, FOXO1, PDK4, and UCP3, and α2-KO abolished the AICAR-induced increases in PGC-1α and HKII mRNA. In conclusion, KO of the α2-but not the α1-AMPK isoform markedly diminished AMPK activation during running. Nevertheless, exercise-induced activation of the investigated genes in mouse skeletal muscle was not impaired in α1-or α2-AMPK KO muscles. Although it cannot be ruled out that activation of the remaining α-isoform is sufficient to increase gene activation during exercise, the present data do not support an essential role of AMPK in regulating exercise-induced gene activation in skeletal muscle.
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Key Words: gene transcription • mRNA • AICAR • PGC-1α • PDK4 • adenosine nucleotides • inosine monophosphate ne of the most prominent features of skeletal muscle is the ability to adapt to exercise training by up-regulating metabolic enzymes and mitochondria content. The current understanding is that a part of these adaptations in protein expression results from a cumulative effect of transient increases in transcription during and after exercise (1) (2) (3) (4) . The initiating stimuli and the intracellular pathways involved in eliciting these exercise-induced gene responses are not yet fully understood. However, the 5′AMP-activated protein kinase (AMPK) has been suggested as a signaling molecule involved in transmitting an "exercise signal" to the nucleus (5, 6 ).
This belief is based on several experimental observations. First, AMPK is activated in rodent muscle by electrical-stimulated muscle contractions (7, 8) and by exercise in human (9, 10) and rodent skeletal muscle (11) . Second, rat studies have shown that chronic activation of AMPK by the adenosine analog 5-aminoimidazole-4-carboxamide-1-β-4-ribofuranoside (AICAR) increases protein expression and activity of several metabolic enzymes that are also increased by exercise training [e.g., GLUT4, hexokinase II (HKII), uncoupling protein-3 (UCP3), citrate synthase, 3-hydroxyacyl-CoA dehydrogenase, and pyruvate kinase] (5, 6, (12) (13) (14) . Third, activation of AMPK by feeding rodents the creatine analog β-guanidinopropionic acid (β-GPA) appears to mimic many of the effects associated with exercise training, including increasing mitochondrial density, peroxisome-proliferator-activated receptor γ coactivator (PGC)-1α mRNA, and cytochrome C protein expression, as well as nuclear respiratory factor-1 binding activity in skeletal muscle (15, 16) . It is interesting that the β-GPA effects were abolished in mice with a muscle-specific overexpression of a kinase dead AMPK construct, suggesting a causal role of AMPK in regulating gene expression (16) .
In further support of AMPK playing a role in regulating gene transcription are the findings that infusion of AICAR in rodents activates transcription of the HKII and UCP3 genes directly (17) . Furthermore, the catalytic α2-isoform of AMPK has been localized in the nucleus and cytosol in mammalian cells (18, 19) , and the α2-isoform translocates to the nucleus in human skeletal muscle in response to exercise (20) . Such a nuclear localization of AMPK in skeletal muscle is in accordance with the function of the AMPK yeast analog SNF1, which is known to regulate several metabolic genes, presumably by phosphorylating histone H3 (21) .
The purpose of the present study was to investigate the importance of AMPK in exercise-induced activation of genes encoding proteins involved in transcriptional regulation [PGC-1α, Forkhead box class O (FOXO)1] and metabolism [GLUT4, HKII, pyruvate dehydrogenase kinase 4 (PDK4), UCP3, lipoprotein lipase (LPL), carnitine palmitoyltransferase I (CPTI)] in skeletal muscle. This was investigated in muscles from nonexercised and exercised α1-AMPK and α2-AMPK whole-body knockout (KO) and corresponding wild-type (WT) mice. Furthermore, the role of AMPK in regulation of the described genes in resting muscles was studied in α2-AMPK and WT mice by subcutaneous (s.c.) administration of AICAR.
MATERIALS AND METHODS

Animals
The generation and phenotype of the α1-(22) and α2-(22-24) AMPK KO mice have been described previously. In brief, the α2-KO mouse is hypoinsulinemic, glucose-intolerant, insulinresistant, and AICAR-resistant (23) . In contrast, none of these parameters are affected in the α1-KO mouse (22) . Four-month-old male and female α1-AMPK KO and WT mice as well as male α2-AMPK KO and WT mice were studied, and within each strain, KO and WT mice were littermates produced by intercross breading of heterozygote parents. The genotype of the offspring was determined by Southern blotting on DNA extracted from a tail-piece. As a result of low-breeding success of the α1-AMPK KO mice, only limited data (n=4) could be obtained from this genotype. All mice were maintained on a 12-h: 12 
Treadmill exercise protocol
Prior to the experiment, all mice were acclimatized to treadmill running at days -4, -3, and -2 by 10 min at rest in the treadmill apparatus, running for 5 min at 10 m/min, 4 min at 13 m/min, and 1 min at 17 m/min at a 10% slope. During acclimatization and the experiment, an air-gun was used to encourage running if necessary. On the experimental day, fed mice were randomized into four groups: a nonexercised group and three exercised groups, in which muscles were dissected immediately after exercise or after 1 or 3 h of recovery from exercise. The exercise bout consisted of 10 min running at 13 m/min followed by 17 m/min for the remaining 80 min at a 10% slope. All mice in the exercised groups completed the 90-min running. Mice from the nonexercised, the 1-h recovery, and the 3-h recovery groups were anesthetized by intraperitoneal injection with pentobarbital (50 mg kg -1 ), whereas the "immediately after exercise" group was killed by cervical dislocation to preserve AMPK activity as well as AMPK and acetyl-CoA carboxylase (ACC)β phosphorylation (AMPK-P and ACCβ-P, respectively). A pilot study showed (n=5) no difference in mRNA content or transcriptional activity of the investigated genes after running between cervical-dislocated or pentobarbital-anesthetized animals. The mice were then placed on a heating pad (37°C), and the quadriceps and gastrocnemius muscles were removed from the hind limbs. Immediately after removal, muscle tissue for nuclei isolation was placed in an ice-cooled aluminum block, whereas muscles for the remaining analyses were quick-frozen with aluminum tongs, precooled in liquid nitrogen, and stored at -80°C.
AICAR injection protocol
To elucidate the importance of the catalytic α2-AMPK isoform in gene activation, an additional group of α2-WT and α2-KO mice was injected s.c. at the lateral, distal part of the back with a saline solution or AICAR (500 mg kg -1 body weight, Toronto Research Chemicals Inc., Toronto, Canada) in saline solution. Muscles were removed 6½ h after injection, as a pilot study showed the highest increase in mRNA (HKII, PGC-1α, and PDK4) at this time-point in response to this type of stimulus. After removal, muscles were quick-frozen with aluminum tongs, precooled in liquid nitrogen, and stored at -80°C.
Immunoblot analysis
Muscle lysates were prepared as described previously (22) . Protein levels of the α1-and α2-AMPK subunit and phosphorylation of α-AMPK thr 172 (Cell Signaling Technology, Beverly, MA, USA) and ACCβ ser 227 (Upstate Biotechnology Inc., Lake Placid, NY, USA) were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immunoblotting using polyclonal antibodies. Bands were visualized using a Kodak Image Station 440CF (Kodak, Glostrup, Denmark) and an enhanced chemiluminescence system (ECL + , Amersham Pharmacia Biotech, Uppsala, Sweden). Bands were quantified using Kodak 1D 3.5 software, and protein content was expressed in relative units in comparison with control samples loaded on each gel. α1-and α2-AMPK activity α-Isoform-specific AMPK kinase activity was measured in vitro in immunoprecipitates from 200 µg muscle lysate protein using anti-α1-or -α2 antibodies (25) . The protocol was identical to the one described previously (9) except for the kinase reaction time (30 min).
Nucleotides and glycogen
Approximately 15 mg muscle specimens were freeze-dried and extracted with perchloric acid, neutralized, and analyzed for nucleotides. Contents of adenosine 5′-triphosphate (ATP), adenosine 5′-diphosphate (ADP), adenosine 5′-monophospahte (AMP), and inosine monophosphate (IMP) were determined by reverse-phase high-performance liquid chromatography, according to previously described methods (26) . Muscle glycogen content was determined as glycosyl units after acid hydrolysis (27) .
Isolation of nuclei and run-on
Nuclei were isolated from muscles as described previously (28) . The major portion (160 µl) of each nuclei preparation was used to determine the relative transcriptional activity of selected genes by a reverse transcriptase-polymerase chain reaction (RT-PCR)-based nuclear run-on technique, as described previously (28) . Genomic DNA (gDNA) was isolated from 20 µl of each nuclei preparation to correct for differences in nuclei content between samples prior to the run-on analysis, as described previously (28) .
RNA isolation and RT
Total RNA was isolated from ~20 mg crushed muscle tissue using a guanidinium thiocyanatephenol-chloroform method modified from Chomczynski and Sacchi (29), as described previously (3) . RT of nascent RNA from nuclear run-on and total mRNA extracted from muscles was performed using the Superscript II RNase H -system (Invitrogen, Taastrup, Denmark), as described previously (3) .
PCR
Transcript and mRNA content of each target gene as well as glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of the gDNA samples were determined by real-time PCR (ABI Prism 7900 sequence detection system, Applied Biosystems, Foster City, CA, USA), as described previously (30). Forward and reverse primers and Taqman probe were designed from mousespecific sequence databases (Entrez, Nationale Institutes of Health, Bethesda, MD, USA, and Ensembl, Sanger Institute, Cambridge, UK) using computer software (Primer Express, Applied Biosystems), and each amplified sequence was found unique by Blast search for the investigated gene (see Tables 1 and 2 for sequences). All self-designed Taqman probes were 5′-6-carboxyflourescein-and 3′-6-carboxy-N,N,N´,N´-tetramethylrhodamin (TAMRA)-labeled, whereas a 5′ VIC-and 3′ TAMRA-labeled, pre-enveloped assay reagent (Applied Biosystems) was used to amplify the GAPDH gene. Prior optimization was conducted for each oligo set, determining the optimal concentration of primers and probe as well as verifying the efficiency of the amplification. Initially, the expected PCR product size was confirmed by gel eletrophoresis using a 2.5% agarose gel stained with ethidium bromide and visualized by ultraviolet light using a Kodak Image Station 440CF (Kodak). The PCR reaction mixture of 10 µl/well consisted of 1.0 µl diluted template, Taqman probe, forward and reverse primers in concentrations determined from the prior optimizations, Taqman Universal MasterMix [containing Amplitaq Gold DNA polymerase, AmpErase uracil N-glycosylase, deoxy-unspecified nucleoside 5′-triphosphates with deoxy-uridine 5′-triphosphate, ROX as a passive reference, and buffer components (Applied Biosystems)], and Millipore water to 10 µl. An identical cycle profile was used for all genes: 50°C 2 min + 95°C 10 min + (95°C for 15 s+60°C for 1 min) 40 cycles. For each gene, all samples were run together, and transcriptional activity and mRNA content were calculated from a corresponding standard curve run together with the samples. Transcriptional activity and mRNA data are expressed as the ratio between the selected target gene and GAPDH. Transcription of GAPDH and GAPDH mRNA content were not affected by treadmill running or the two α-KO, making GAPDH a valid, endogenous control in the present study.
Statistics
Protein, kinase activity, nucleotide, and glycogen data are expressed as means ± SEM, whereas transcription and mRNA data were log-transformed (base 10) before statistical analysis and are expressed as the inverse log of mean (geometrical mean) with 95% confidence intervals. Statistical evaluations were performed where appropriate by Student's t-test or one-or two-way ANOVA using the Student-Newman Keuls method as a post-hoc test. Differences between groups were considered statistically significant for P < 0.05.
RESULTS
α1-and α2-protein content
KO of the α2-gene resulted in no detectable signal when using the α2-antibody in muscle lysates from quadriceps and gastrocnemius, whereas the remaining α1-protein content was increased (P<0.05) by 67% and 82%, respectively, in the two muscles (Fig. 1A) . KO of the α1-gene resulted in no detectable signal in the quadriceps when using the α1-antibody, and the remaining α2-protein content was not affected by the α1-KO (Table 3) .
α1-and α2-AMPK activity
The kinase activity of α1-and α2-AMPK was measured to confirm that AMPK was activated by treadmill running and to investigate whether up-regulation of α1-protein in α2-KO muscles was associated with a greater increase in α1-AMPK activity in response to treadmill running compared with α2-WT muscles. At the end of 90 min of treadmill running, α1-AMPK activity was increased (P<0.05, main effect) by 226% and 256% in α2-WT and α2-KO muscles, respectively, compared with nonexercised groups, and returned to resting levels at 1 h of recovery (Fig. 1B) . There was no difference (P=0.14) in α1-AMPK activity between α2-WT and α2-KO muscles (Fig. 1B) , despite the increased α1-protein expression. The α2-AMPK activity increased (P<0.05) by 180% in α2-WT muscles at the end of 90 min of treadmill running compared with the nonexercised group and returned to resting levels at 1 h of recovery (Fig. 1B) .
AMPK-P and ACCβ-P
To confirm that the treadmill running increased the total level of AMPK activity, we measured AMPK-P and ACCβ-P in quadriceps muscle lysates. The antibody used to measure AMPK-P recognizes an identical sequence in both α-isoforms and therefore, reflects the total (α1 and α2) α-thr 172 phosphorylation. AMPK-P increased (P<0.05) by 240% and 510% in α2-WT and α2-KO muscles, respectively, immediately after 90 min of treadmill running compared with the nonexercised groups and returned to pre-exercise levels at 1 h of recovery (Fig. 1C) . The absence of the α2-isoform reduced the AMPK-P level at all time-points by, on average, 69% (P<0.05), in spite of the increased α1-protein content, but did not influence the exercise-induced AMPK-P pattern (Fig. 1C) . Treadmill running increased phosphorylation (P<0.05, main effect) of the AMPK substrate ACCβ by 21% and 66% in α2-WT and α2-KO muscles, respectively, immediately after exercise, compared with the nonexercised group, and returned to pre-exercise levels at 1 h of recovery (Fig. 1D) . The α2-KO decreased (P<0.05, main effect) the ACCβ-P level at all time-points by, on average, 18% (Fig. 1D) , and the most pronounced effect was in nonexercised and immediately after exercise muscles.
AMPK-P and ACCβ-P were also measured in quadriceps muscle from the α1-AMPK KO mouse strain, and AMPK-P increased (P<0.05, main effect) by 240% and 510% and ACCβ-P by 96% and 166% in α1-WT and α1-KO muscles, respectively, immediately after exercise (Table 3 ). The α1-KO did, however, not reduce AMPK-P or ACCβ-P levels (Table 3) .
Glycogen
Treadmill running reduced (P<0.05, main effect) muscle glycogen content by 41% and 56% in α2-WT and α2-KO quadriceps, respectively, confirming that α2-WT and α2-KO animals had performed a substantial amount of running (Table 4 ). Already after 1 h of recovery, glycogen had been re-synthesized to pre-exercise levels in both genotypes. The lack of the α2-isoform was associated with a generally lower (P<0.05, main effect) level of muscle glycogen at all timepoints in α2-KO muscles (Table 4) .
Nucleotides
Content of ATP, ADP, AMP, and IMP was measured in the gastrocnemius muscle to evaluate the metabolic stress induced by treadmill running and to examine the impact of the α2-KO on nucleotide content. A notable finding was that the exercise bout induced a transient 22% reduction (P<0.05) of ATP content only in α2-KO muscles, whereas the ATP content in α2-WT muscles was unaffected by the exercise (Fig. 2A) . Another remarkable observation was that the lack of the α2-isoform was associated with an on average 12% lower (P<0.05) ATP content in nonexercising and recovering (1 and 3 h) muscles ( Fig. 2A) . ADP content increased (P<0.05, main effect) immediately after exercise by 12% and 14% in α2-WT and α2-KO muscles, respectively, returning to resting levels after 1 h of recovery (Fig. 2B) . Exercise did not affect the AMP content significantly. However, if excluding recovery measurements from the statistical analysis, then AMP increased immediately after exercise (P<0.05, main effect) by 25% and 35% in α2-WT and α2-KO muscles, respectively, and the α2-KO was associated with 32% and 42% higher (P<0.05, main effect) AMP content in α2-KO muscles at rest and immediately after exercise, respectively (Fig. 2C) . In contrast, the AMP deamination product, IMP, was 28 fold above (P<0.05) the level of detection (0.2 µmol gr.
-1 d.w.) only in α2-KO muscle immediately after exercise and returning below the detection limit again already at 1 h recovery (Fig. 2D) .
Transcriptional activity
As a result of great tissue demand for this method, transcription was only measured for four genes including GAPDH. PGC-1α transcription tended to increase (P=0.08) by 203% and 512% in α2-WT and α2-KO muscles, respectively, 1 h after treadmill running (Fig. 3A) , and PGC-1α transcription was, on average, 66% lower (P<0.05, main effect) in α2-KO compared with α2-WT muscles at all time-points (Fig. 3A) . HKII transcriptional activity increased (P<0.05, main effect) by 119% and 204% in α2-WT and α2-KO muscles, respectively, 1 h after treadmill running and returned to pre-exercise values at 3 h of recovery (Fig. 3B) . The α2-KO was associated with a tendency (P=0.08) to a 44% lower HKII transcription (Fig. 3B ) at all time-points. UCP3 transcription was lowered (P<0.05, main effect) by, on average, 58% at all time-points in α2-KO compared with α2-WT muscle, but no significant effect of treadmill running was observed (Fig.  3C) . So, in general, gene transcription of PGC-1α, UCP3, and HKII increased moderately in response to exercise and was lower in the α2-KO muscles at all time-points.
mRNA content
In muscles from the α2-AMPK KO strain, PGC-1α mRNA content increased (P<0.05, main effect) at 1 h and 3 h of recovery from treadmill running by 289% and 385% in α2-WT and 471% and 533% in α2-KO muscles, respectively (Fig. 4A) . FOXO1 mRNA content increased (P<0.05, main effect) immediately after running and at 1 h and 3 h of recovery by 46%, 85%, and 45% in α2-WT and 122%, 212%, and 85% in α2-KO muscles, respectively (Fig. 4B) . HKII mRNA content increased (P<0.05, main effect) at 1 h and 3 h of recovery from treadmill running by 41% and 68% in α2-WT and 52% and 36% in α2-KO muscles, respectively (Fig. 4C) . PDK4 mRNA content increased (P<0.05, main effect) at 1 h and 3 h of recovery from treadmill running by 84% and 143% in α2-WT and 111% and 118% in α2-KO muscles, respectively (Fig. 4D) . It is intriguing that the lack of the α2 isoform did not affect the exercise-induced increase in mRNA content for any of these four genes (Fig. 4) . GLUT4, CPTI, LPL, and UCP3 mRNA content was not affected by treadmill running at any of the time-points (Fig. 5) . It is interesting that the lack of the α2-isoform was associated with an on average 26% reduction (P<0.05, main effect) in CPTI mRNA compared with α2-WT muscles (Fig. 5B) , whereas the basal mRNA content of the seven other genes was the same in α2-KO and α2-WT (Figs. 4 and 5 ).
In the α1-AMPK KO strain, an increase (P<0.05, main effects) in mRNA content of PGC-1α and FOXO1 by 1250% and 99% in α1-WT and 416% and 127% in α1-KO, respectively, was evident at 3 h of recovery from treadmill running with no effect of the α1-KO (Fig. 6A, B) . A tendency (P=0.07) for an increase in HKII and PDK4 mRNA by 142% and 74% in α1-WT and 58% and 28% in α1-KO muscles, respectively, was evident at 3 h of recovery, and again, no effect of the α1-KO was observed (Fig. 6C, D) .
Six and one-half hours after s.c. injection of AICAR, mRNA content of PGC-1α was increased (P<0.05) by 164% and HKII by 539% in α2-WT muscles compared with the saline group, and the AICAR responses were abolished in α2-KO muscles (Fig. 7A, C) . Furthermore, AICAR injection induced an increase in the mRNA content of FOXO1 (P<0.05, main effect) by 87% and 102% (Fig. 7B) , PDK4 (P<0.05, main effect) by 288% and 485% (Fig. 7D) , and UCP3 (P<0.05, main effect) by 51% and 106% (Fig. 7E ) in α2-WT and α2-KO muscles, respectively, compared with the corresponding saline group. The lack of the α2-isoform did not affect the AICARinduced increases in FOXO1, PDK4, and UCP3 mRNA content. AICAR did not affect GLUT4 mRNA content in either genotype (Fig. 7F) at the time-point investigated.
DISCUSSION
The main findings of the present study are that lack of the α2-AMPK isoform markedly reduced AMPK signaling (AMPK-P, ACCβ-P) during and after exercise and lowered the overall PGC-1α, UCP3, and HKII transcriptional activity as well as CPTI mRNA content in mouse skeletal muscle. The α2-KO did, however, not have any effect on the exercise-induced gene response of any of the investigated genes within 3 h of recovery. These observations suggest that α2-AMPK is not essential for the acute, exercise-induced, adaptive response of metabolic genes. However, it might be envisioned that lack of the α2-isoform could lead to compensatory, increased activity of the remaining α1-isoform. The α1-activity was not higher in α2-KO muscles, indicating this was not the case. In contrast, AICAR failed to increase PGC-1α and HKII mRNA in α2-KO muscle in spite of the presence of the α1-isoform, indicating that AMPK-associated activation of these two genes in resting muscle is dependent solely on the α2-and not the α1-isoform. The lack of the α2-isoform was associated with lower skeletal muscle ATP content, which was even further reduced immediately after exercise, concomitant with a marked increase in IMP content, indicating a disturbed energy balance in the α2-KO muscles. Studies conducted in α1-AMPK KO mice revealed that lack of the α1-AMPK isoform does not seem to affect AMPK signaling during exercise or exercise-induced gene responses within 3 h of recovery.
Several studies over the last decade have contributed to the current understanding that exercise induces an activation of a broad range of metabolic genes in skeletal muscle (for review, see ref.
31). The transient nature of these adaptive gene responses supports the idea that cellular enzymatic adaptations to endurance-exercise training may, in part, originate from cumulative effects of such transient gene responses to each exercise bout (1, 3, 32) . However, only little is yet known about the stimuli and the intracellular signaling pathways involved in eliciting these acute responses. The observations that AMPK is activated in skeletal muscle during exercise (9) (10) (11) and that pharmacological activation of AMPK is associated with increases in mRNA content of exercise-responsive enzymes (5, 6, (12) (13) (14) (15) (16) suggest that AMPK is a likely candidate. The genes investigated in the present study have all been demonstrated previously to be activated in response to exercise in human and/or rodent skeletal muscle (1, 3, 30, (32) (33) (34) (35) (36) (37) (38) . The present findings that whole-body KO of the α2-AMPK isoform had no effect on the exercise-induced increases in transcription and mRNA content of PGC-1α, HKII, PDK4, and FOXO1 observed in WT mice provide, however, evidence that α2-AMPK activity is at least not essential for the acute, adaptive responses of these genes to exercise. Our studies in α1-KO mice also indicate that α1-AMPK activity is not mandatory for the exercise-induced gene responses of the PGC-1α and FOXO1 genes. These findings are supported by a recent study (39) showing that overexpression of a kinase dead AMPK construct did not reduce the exercise-induced activation of the GLUT4 gene in mouse muscle. Still, in resting muscle, activation of AMPK by AICAR activates the GLUT4, UCP3, and HKII genes (13, 17, 34) , and β-GPA-induced up-regulation of PGC-1α mRNA is abolished in mouse muscle overexpressing a kinase dead AMPK construct (16) . Although these studies illustrate that stimulating AMPK activity in resting muscle can activate gene transcription, our data and those by Holmes et al. (39) demonstrate equally that AMPK is not indispensable in exercise-induced activation of several of these metabolic genes.
The reason for the different results in resting and exercising muscles can probably be explained by alternative signaling induced by exercise, e.g., calcium (40, 41) or mitogen-activated protein kinase-dependent signaling (42) . Studies have shown functional homology between calciumcalmodulin-activated kinase (CaMK) and AMPK in regulating glucose uptake and GLUT4 gene activation in rodent skeletal muscle (40, 41) . Furthermore, the CaMK II isoform is activated by muscle contractions (43, 44) and AMPK, and some CaMK isoforms recognize similar amino acid consensus sequences (45) (46) (47) . Therefore, one scenario could be that during prolonged treadmill running, the calcium-dependent activation of CaMKs results in more than sufficient CaMK activity toward metabolic genes activated by AMPK and CaMKs, making AMPK per se dispensable as initiator of an exercise signal to the nucleus. Further studies are needed to clarify this.
In WT mice, mRNA of GLUT4, LPL, CPTI, and UCP3 failed to increase in response to exercise, in contrast to previous studies in human and rodent muscle (3, 34, 36, 37) . A previous study has shown that the exercise-induced increase in GLUT4 mRNA in mouse muscle is delayed until 12 h of recovery (48) , and the 3-h of recovery in the present study was most likely an inadequate time for changes in GLUT4 mRNA to become evident. The reason for the lack of an increase in CPTI, LPL, and UCP3 mRNA content is unclear, but could be a result of insufficient recovery time or the type or duration of exercise applied in the present study. It is interesting that the generally reduced CPTI mRNA in α2-KO muscles indicates that AMPK may be involved in the basal expression of this mitochondrial protein.
Although the absence of the α2-isoform did not affect the exercise-induced increased in mRNA of the investigated genes, the α2-KO was associated with a generally reduced transcription of PGC-1α, HKII, and UCP3 at rest and after exercise. This finding could indicate, in contrast to previous beliefs, that AMPK is more important in regulating metabolic genes in resting rather than exercising muscle. However, in the α2-KO muscles, decreased gene transcription was not followed by a decreased mRNA content. The reason for this is not clear but could be because the two measurements were conducted in two different muscle groups or more likely, that the α2-KO somehow influences mRNA stability. It is interesting that it has been shown in cell culture that AMPK decreases cytosolic mRNA stability by inhibiting export of the mRNA binding protein HuR from the nucleus to the cytosol (49, 50) . HuR is also expressed in mouse muscle (51) , and the reduced AMPK activity in α2-KO muscles may have enhanced HuR translocation to the cytosol, thereby increasing mRNA stability in α2-KO muscles. Therefore, a higher mRNA stability in α2-KO muscle may have canceled out the reduced transcriptions. However, it is important to establish whether the PGC-1α, HKII, and UCP3 transcripts belong to the pool of HuR targets.
Another interesting finding was that KO of the α2-isoform abolished the AICAR-induced activation of the PGC-1α and HKII gene, suggesting that the α2-isoform is the principal α-AMPK isoform involved in activating these two genes in resting muscles. The AICAR treatment was also associated with activation of the UCP3, FOXO1, and PDK4 gene, where only the UCP3 gene has been reported previously to be activated by AICAR in muscle (17, 34) . The effect of AICAR on the three genes was independent of the α2-KO, which could indicate that the effect of AICAR was elicited through activation of the α1-isoform. Another possible explanation might be that the AICAR-induced hypoglycemia associated with the in vivo AICAR treatment triggered alternative signaling pathways activating the three genes. Previous studies have shown that AICAR activates the UCP3 gene in ex vivo incubated rat muscles (34) and in rat muscles locally infused with AICAR (17) , implying that hypoglycemia is not a necessity for UCP3 gene activation in skeletal muscle. In contrast, the FOXO1 and PDK4 genes have been shown to be activated in mouse muscle by starvation (52) but whether AICAR-induced hypoglycemia elicits the same responses in muscles as starvation remains elusive. Finally, AICAR has previously been shown to have other unspecific actions (53, 54) , and it cannot be ruled out that the AICARinduced increases in the UCP3, FOXO1, and PDK4 mRNA content are not related to activation of AMPK.
AMPK is of potential importance in regulating muscle metabolism during and after exercise [see review by Wojtaszewski et al. (55) and Aschenbach et al. (56)]. In the present study, the α2-KO muscles had a lower resting pool of ATP, and this was furthermore associated with a reduced ATP content during running. In healthy skeletal muscle, the ATP content is kept efficiently at pre-exercise levels during prolonged exercise (57) , and the observed, reduced ATP content in α2-KO muscle after running indicates that α2-KO muscles had a reduced capacity to rephosphorylate ATP during this type of exercise. During severe metabolic stress, muscle prevents AMP accumulation by converting it to IMP by an AMP deaminase-dependent reaction to maintain the ATP/ADP ratio (57) . The finding of a substantial increase in IMP content only in α2-KO muscle immediately after exercise supports the notion that α2-KO muscles were more metabolically stressed than α2-WT muscles during exercise in the present study.
In conclusion, KO of the α2-AMPK isoform was associated with a generally reduced transcriptional activity of the PGC-1α, HKII, and UCP3 genes and CPTI mRNA content, but had no effect on exercise-induced responses of any of the genes investigated. Therefore, although AICAR/β-GPA activates metabolic genes in resting muscle, α2-AMPK does not seem to be essential for the acute, exercise-induced regulation of metabolic genes. Alternatively, the remaining α1-AMPK isoform in the α2-KO muscles may be sufficient to generate an AMPKbased exercise signal. Results from α1-KO mice suggest, however, that the α1-isoform is not essential for the acute exercise-induced gene responses either. Finally, the abolished AICARinduced increases in PGC-1α and HKII mRNA content in α2-KO muscles provide evidence that the α2-AMPK isoform is involved in exerting these AICAR inductions and demonstrate that AICAR and exercise can induce different gene regulatory events. Our findings, altogether, indicate that intracellular signaling molecules other than AMPK are important in mediating exercise signals to gene regulation in skeletal muscle. 1 . A) α1-and α2-AMPK protein content in muscle lysates from gastrocnemius and quadriceps muscles from nonexercised α2-WT and α2-KO mice assessed by immunoblotting. Protein content is expressed in arbitrary units (AU) relative to control sample. *, Significant difference compared with WT in the same muscle (P<0.05). ND, Not detectable. Data are presented as means ± SEM; n = 10 -15. B) α1-and α2-associated AMPK kinase activity (pmol/min mg) in quadriceps muscle lysates of α2-WT and α2-KO mice at rest as well as immediately after exercise and at 1 h and 3 h of recovery. †, Significantly different from nonexercised groups (α1, P<0.05, main effect; α2, P<0.05). Data are presented as means ± SEM; n = 8 -10. C, D) α-AMPK thr 172 and ACCβ ser 227 phosphorylation in quadriceps muscle lysates of α2-WT and α2-KO muscles at rest as well as immediately after exercise and at 1 h and 3 h of recovery assessed by immunoblotting using phospho-specific antibodies. Protein phosphorylation is expressed in arbitrary units relative to control sample. *, α2-KO group significantly different from α2-WT group (P<0.05); main effect, α2-KO groups significantly different from α2-WT groups (P<0.05, main effect). †, Significantly different from nonexercised groups (P<0.05, main effect). Data are presented as means ± SEM; n = 8 -10. as well as immediately after exercise and at 1 h and 3 h of recovery. *, Significantly different from α2-WT (P<0.05). †, Significantly different from nonexercised group (P<0.05, main effect in B and C). a, Neither the α2-KO nor exercise affected AMP content significantly, but if excluding recovery data from statistical calculations, then AMP in α2-KO muscles in non-exercised and exercised 90 min groups was significantly different from corresponding α2-WT groups (P<0.05, main effect, * a ), and exercise increased AMP significantly, immediately after exercise (P<0.05, main effect, † a ) in α2-WT and α2-KO muscles. Data are presented as means ± SEM; n = 8 -10. d.w., Dry weight; ND, Not detectable. 
